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Abstract
The accuracy of contact resistance values of two-dimensional field-effect transistors extracted with the Y-function considering
the impact of the intrinsic mobility degradation is evaluated here. The difference between methodologies that take this factor into
account and ignore it is pointed out by a detailed analysis of the approximations of the transport model used for each extraction. In
contrast to the oftenly used approach where the intrinsic mobility degradation is neglected, a Y-function-based method considering
a more complete transport model yields contact resistance values similar to reference values obtained by other intricate approaches.
The latter values are more suitable also to describe experimental data of two dimensional devices of different technologies. The
intrinsic mobility degradation factor of two-dimensional transistors is experimentally characterized for the first time and its impact
on the device performance is described and evaluated.
Index Terms
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I. INTRODUCTION
The contact resistance RC of a field-effect transistor (FET) can be extracted from a relation of a transistor’s drift-diffusion
(DD) drain current ID at the linear regime to its transconductance gm. This relation is generally known as the Y -function such
as Y = IDg−0.5m [1]. In two-dimensional (2D) emerging transistor technologies where a DD approach can still be considered
at the linear operation regime [2], [3], different Y -function based methodologies (YFMs) for the RC extraction have been
proposed [4]-[12]. However, these methodologies consider different ID model approximations, i.e., different RC values can be
found for a device under similar bias conditions. A comparison of such results with different YFMs for 2D FETs is reported
here for the first time according to the authors’ knowledge.
YFMs are an immediate alternative to test-structure based extraction approaches which robustness is still under discussion
for 2D FETs, e.g., the transfer length method (TLM) [5], [13]. An evaluation of the YFM extracted values accuracy is to
evaluate the closeness of the considered ID model including the extracted parameters [5], [12], [14] with the experimental data.
This verification step has been either rarely provided in 2D FET technologies [6]-[11] or it has been considered for one single
transfer curve at low fields of a specific technology [5]. Notice that providing a comparison for the curve of the Y -function
[4], [5], [6], is not a complete validation since the impact of all the parameters involved in the ID model is not included, e.g.,
mobility degradation effects [1]. Hence, the validness of the extracted values, including RC, under certain approximations of
ID is not clear enough. In this work, RC of different emerging transistor technologies with 2D materials as channels, namely,
molybdenium disulfide (MoS2), black-phosphorus (BP), tungsten diselenide (WSe2) and graphene (G) have been extracted by
means of YFMs relying on different approximations of DD ID models. The implications of each approach is discussed in
detail by analyzing other extracted values generally neglected.
II. Y-FUNCTION-BASED-METHODS FOR 2D FETS
In general, the internal electron drain current can be described within the DD approach at the linear regime as [15]
ID = k (VGS,i − Vth − 0.5VDS,i)VDS,i, (1)
where k = µeffCoxwg/L with µeff as the effective mobility, Cox the oxide capacitance, wg the gate capacitance and L the
channel length, Vth is the charge threshold voltage [1] and VGS,i/DS,i are the intrinsic gate-to-source and drain-to-source
voltages. The latter are considered as VGS,i ≈ VGS − IDRC/2 and VDS,i ≈ VDS − IDRC, respectively, with RC embracing
the contribution of the source/drain contact resistances RC,S/C,D and VGS/DS as the external gate-to-source/drain-to-source
voltage. In terms of the more practical external voltages and using µeff = µ0/ [1 + θch (VGS − Vth −∆)] [16] with θch as the
intrinsic mobility degradation coefficient due to vertical fields, the drain current equation is given by
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ID ≈ β (VGS − Vth −∆)
1 + θ (VGS − Vth −∆)VDS, (2)
and the total resistance Rtot can be expressed as
Rtot =
VDS
ID
≈
[
1
β (VGS − Vth −∆) +
θch
β
]
+
θC
β
≡ Rch +RC, (3)
where β = µ0Coxwg/L with the low field mobility µ0 and θ = θch + θC is the extrinsic mobility degradation coefficient [1],
[17] with θC = βRC. For the special case of GFETs, Eq. (2) can be modified in a way that the charge control is influenced
by the Dirac voltage VDirac = VGS|min(ID) rather than by a Vth [12].
In contrast to other approaches in 2D FETs where the potential is considered constant along the channel at low fields [5], [6],
in this work the charge control relation considers the contribution of ∆ = 0.5VDS as an average of the inhomogenous potential
along the 2D channel [3], [18], [19]. This condition embraces more realistic and practical bias scenarios, e.g., high |VDS|. More
importantly, most of 2D FET studies neglect the impact of θch in Eq. (2) [5]-[10] without providing a solid argumentation
for it but just claiming a challenging experimental characterization of such parameter [4]. This is the fundamental difference
with the YFM introduced here for 2D FETs. In this work two different YFMs, one without and another with the effect of θch,
namely YFM1 and YFM2, have been analyzed based on approximations considered for Eq. (2).
For YFM1, θch has been neglected in Eq. (2) which corresponds to the most common Y -function based extraction method-
ology applied to 2D FETs [4]-[11]. If Cox is known for the device under study, the methodology described in [5] can be
followed. Otherwise, the extraction of a contact resistance RC,1 must be determined as the difference between the device total
resistance Rtot and a channel resistance Rch,1(≈ 1/ [β (VGS − Vth −∆)], see Eq. (3) ) obtained from the reduced form of Eq.
(2), i.e. RC,1 = Rtot − Rch,1. Notice that ∆ is usually ommitted as well in this extraction approach [4]-[11], however, for a
fair comparison it has been considered here. β has been obtained from the slope of the corresponding Y -function.
In YFM2, θch has been considered in Eq. (2) for the extraction of RC,2. Vth and β are obtained from the intercept and
maximum slope, respectively, of the Y -function considering Eq. (2), i.e., Y =
√
βVDS (VGS − Vth −∆), plotted over VGS.
The maximum point of the derivative with respect to VGS of a Y -function normalized to ID, i.e., Y/ID = [1 + θ(VGS −
Vth −∆)]/
√
βVDS, yields a value for θ. Values for θch and RC,2 are obtained from the intercept and slope, respectively, of
θ as a function of β built for at least two different VDS. Notice that the channel resistance obtained with YFM2, i.e., with
Eq. (2) considering θch, is given by Rch,2 ≈ [1 + θch (VGS − Vth −∆)] / [β (VGS − Vth −∆)] (see Eq. (3)), however, RC,2 is
extracted in YFM2 without using Rch,2. This approach, previously introduced for silicon-based devices [20], has been adapted
and succesfully applied to other emerging transistor technologies [14] and use for the first time here for 2D FETs.
As pointed out by [5], YFMs can mislead a precise estimation of the mobility due to a gate-voltage dependence of the
extracted RC. However, the mobility estimation is out of the scope of this work. Furthermore, the RC,2 extracted with YFM2
has been found to be in close agreement with bias-dependent contact resistance values of other emerging Schottky-type devices
[21].
The above methodologies are also applicable to p-type transistors by considering hole transport in Eqs. (1) and (2).
III. RC OF 2D FETS WITH DIFFERENT APPROACHES
The YFMs discussed above have been applied to fabricated 2D FET technologies [22]-[32] with different device footprints
and different 2D channel materials. Extracted parameters with the YFMs for each device is listed in Table I as well as some
device dimensions. θch has been extracted with YFM2 only since YFM1 neglects its impact.
TABLE I
DEVICE DIMENSIONS AND EXTRACTED PARAMETERS OF 2D FETS.
ref. wg/Lg(µm/nm)
RC1 · wg
(kΩ · µm)
RC2 · wg
(kΩ · µm)
θch
(V−1)
θ
(V−1)
MoS2FETs
[22] 10/150 13.2 9.8 0.32 1.37
[23] 20/250 15.4 9.9 1.15 3.71
[24] 0.8/400 80.1 39.8 0.01 0.04
[4] 3/1000 143 106 2.31 7.07
BPFETs
[25] 2.3/100 1.03 0.35 1.58 2.36
[26] 10/200 16.8 8.95 0.96 1.21
[27] 3.16/300 1.8 1.4 0.03 0.39
WeS2FETs
[28] 8/4000 310 k 109 k 0.06 0.48
[29] 1/9400 73 69 1.41 5.13
GFETs
[30] 20/60 0.22 0.19 0.20 3.18
[31] 20/2000 2 1.7 0.39 1.65
[32] 10/2000 1.7 1.4 0.12 1.57
In general, the contact resistivity RC,1 ·wg obtained via YFM1 of the 2D FETs studied here is larger than the values obtained
with YFM2 using RC,2 of the same device. The latter are closer to reference values of 0.2 kΩ · µm [30], 1.2 kΩ · µm [32]
and 1.4 kΩ · µm [27] obtained with physical-based analytical [30], [32] and compact [27] models, respectively, of 2D FETs
describing the corresponding experimental data. YFM2 also yields more similar values than YFM1 results to the ones obtained
via a polynomial fit of the experimental Rtot [33] used for the RC extraction of the shorter MoS2FETs: 7 kΩ · µm [22], and
5 kΩ · µm [23]. The upper limit reference value of 0.7 kΩ · µm given by a TLM characterization for the shortest BPFET [25]
at a bias close to the device saturation regime has been accomplished by YFM2 only.
The YFM1-related condition of θch  θC [5], [6] can be only considered for some of the devices studied here [27], [28],
[30], [32]. For these devices, the ratio between RC,1 to RC,2 can be between a factor of 1.15 and 2.84. The overestimation of
RC,1 with YFM1 has been claimed in the literature [4], [5], however, it has not been quantified before in comparison to contact
resistance values considering θch, i.e., RC,2. In order to further demonstrate the accuracy of each method, Fig. 1 shows the
transfer characteristics of some of the devices under study where results of Eq. (2) calculated using the extracted parameters
obtained with the different YFMs have been included within the bias region used for the extractions.
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Fig. 1. Transfer characteristics of (a) a 400 nm-long MoS2FET [24], (b) a 100 nm-long BPFET [25], (c) a 9.4 µm-long WeS2FET [29] and (d) a 2 µm-long
GFET [31]. Markers are experimental data and lines represent Eq. (2) with θch (solid lines) and without θch (dashed lines).
A factor of θch/ [β(VGS − Vth −∆)] missing in the device total resistance Rtot obtained with the YFM1-related simplification
of Eq. (2) misleads the extracted RC,1 values (see Table I), i.e., the description of ID is mislead with the most common extraction
approach used in 2D FETs [4]-[11]. On the contrary, YFM2 results describe well the experimental data due to a more complete
model considered for the extraction.
The mean absolute error (M) of Eq. (2) with the parameters extracted with YFM1 and YFM2 with respect to the experimental
data is of less than 3% at the lowest |VDS| in both cases. However a better description of the experimental data is obtained
with YFM2 at higher fields as shown in Fig. 2(a) by the relation of M obtained with YFM1 with respect to YFM2 for the
devices under study. The higher the |VDS| the larger the error of YFM1 in comparison to YFM2. MYFM2 is of ∼1% in all 2D
FETs at the highest |VDS|.
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Fig. 2. (a) Relation of the mean absolute error over |VDS| of the extraction methodologies and (b) ratios of channel to contact parameters of MoS2FETs [4],
[22]-[24], BPFETs [25]-[27], WeS2FETs [28], [29] and GFETs [30]-[32].
The contribution of the channel properties and contact properties to the total devices performance (Rtot = Rch + RC and
θ) has been evaluated via the ratio of resistances Rch/RC and mobility degradation factors θch/θC as shown in Fig. 2(b).
All parameters have been extracted with YFM2 at the lowest available |VDS|. The overall static performance of most of the
devices with θC  θch is either controlled by the contacts [4], [23], or by both channel and contact phenomena [22], [29]-[32]
i.e., the accuracy of RC values is relevant to understand and describe the device transport. For the devices where θch is more
relevant than θC [25], [26], the channel resistance is more critical for their performance. In contrast to YFM2 where all these
parameters can be properly characterized, YFM1 yields innacurate values (RC,1 and Rch,1) and does not provide information
(θch). Hence, for modeling purposes and a precise technology evaluation, YFM2 is strongly suggested over YFM1.
IV. CONCLUSION
Two different Y -function-based methods for the extraction of contact resistance values in 2D transistors have been described
and analyzed and their results have been discussed. YFM1, the most common methodology used for 2DFETs in which the
intrinsic mobility degradation factor has been neglected, overestimates the contact resistance in comparison to results obtained
with YFM2 which considers θch in the underlying transport equation used for the extraction. In contrast to YFM1, results
of YFM2 are comparable to other physics-based and experimental approaches and they are better suited to describe the
experimental ID within the bias region where the method has been applied. Furthermore, the factor θch of 2D FETs has been
extracted with YFM2 and it has been shown to be relevant for a proper description of RC and Rch. YFM2 has been revealed
as a more rigorous and accurate methodology for the characterization of contacts of 2D FET technologies than the one usually
used for these emerging transistors.
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